The toxigenic corynebacteriophage wo/ was isolated from the hypertoxigenic Park-Williams no. 8 (PW8) strain of Corynebacterium diphtheriae and compared with the toxigenic corynebacteriophage Ptox . The physical size and host range of both phages were found to be identical. An endonuclease restriction map of tox+ was constructed, and the locations of the cohesive ends (cos), phage attachment site (attP), and the diphtheria tox operon were identified. The genome of w0 + was found to differ from that of 1tOx in three regions. In addition, w'+ was shown to be integrated into two nontandem corynebacterial phage attachment sites (attBI, attB2) in the PW8 chromosome. The differences in the restriction endonuclease digestion maps of wfox and 1toxX and the contribution of double lysogeny are discussed in relation to the hypertoxigenicity of the PW8 strain.
corynebacteriophages, the final yield of toxin obtained from Corynebacterium diphtheriae grown under optimal conditions is dependent upon several bacterial host-determined factors (10, 22) . The most toxigenic C. diphtheriae strain ever described is Park-Williams no. 8 (PW8) (24) . Pappenheimer et al. (23) have shown that the hypertoxigenicity of the PW8 strain is due, in part, to a defective cytochrome system and to the ability to continue to'grow for three doublings after iron becomes the rate-limiting substrate. However, little is known of the relationship between PW8 and its toxigenic corynebacteriophage wtox (13) or the relationship between oMX and the well-studied corynebacteriophage POX .
We have isolated a spontaneous, clear-plaqueforming mutant of wOX, wctox, and report its restriction endonuclease map and the location of its cohesive ends (cos), attachment site (attP), and the diphtheria tox operon. We compare corynebacteriophages Wctox and 3c'ox with respect to their restriction map, morphology, and corynebacterial host range. In addition, we show that wtOX is integrated into two nontandem bacterial attachment sites (attBl, attB2) on the C. diphtheriae strain PW8 chromosome and is able to form nontandem double lysogens by integrating into two attB sites on the C. diphtheriae (Belfanti) 1030(-)'x chromosome. This observation strongly suggests that, in addition to host-specific factors, increased toxin production by the PW8 strain of C. diphtheriae is due to a tox gene dose effect.
MATERIALS AND METHODS
Bacterial and corynebacterlophage strains. The lysogenic Toronto-Harvard substrain of toxigenic C. diphtheriae PW8, C. diphtheriae C7. (P3bx ) and the nonlysogenic nontoxigenic C7s(-)bOX, have been previously described (3, 8, 24) . The nonlysogenic nontoxigenic corynebacteriophage-sensitive indicator strain C. diphtheriae (Belfanti) 1030(-).°X was previously described by Maximescu (15) and was obtained from A. M. Pappenheimer, Jr., Biological Laboratories, Harvard University, Cambridge, Mass. The CN2000 substrain of C. diphtheriae PW8 was obtained from the Istituto Sieroterapico e Vaccinogeno Toscano, Siena, Italy. wo phage was isolated from C. diphtheriae CN2000 essentially as described by Matsuda et al. (13) . A spontaneous, clear-plaque-forming mutant of I, cOX , was isolated on lawns of the sensitive C. diphtheriae (Belfanti) 1030(-)tOX Corynebacteriophage r,box has been previously described (3).
Bacterial culture medium. Corynebacterial strains were grown in PT medium of the following composition: 10 g of Casamino Acids (Difco Laboratories, Detroit, Mich.), 10 ml of 1.0o L-tryptophan, 2.0 ml of solution II (19), 1.0 ml of solution III (19) , and 0.5 ml of 0.18% calcium pantothenate. The solution was made up to 1 liter, and the pH was adjusted to 7.2. Aliquots (100 ml) were autoclaved at 110°C for 15 min. Before use, 3.0 ml of a sterile 50%o maltose-0.5% CaC12 solution was aseptically added to each aliquot.
The Toronto-Harvard substrain of C. diphtheriae PW8 was grown in C-Y medium for the preparation of diphtheria tox mRNA. C-Y medium for the optimal production of diphtheria toxin has been previously 524 on October 27, 2017 by guest http://jvi.asm.org/ Downloaded from described (20) . Reduced-iron C-Y medium was made by treating 100-mi aliquots with 8 g of Chelex 100 resin (Bio-Rad Laboratories, Rockville Centre, N.Y.) for 18 h at 4°C. Chelex 100 resin was removed from the C-Y medium by centrifugation immediately before use.
Propagation and purification of corynebacteriophage. Corynebacteriophage were purified from lysates of either C7S(_)OX or C. diphtheriae (Belfanti) 1030(-)'x as follows. Bacteria were grown in PT medium to an optical density at 590 nm of 0.3 (Spectronic 20; Bausch & Lomb, Rochester, N.Y.) either in 2-liter Erlenmeyer flasks containing 200 ml of medium or in 10-liter volumes in a Microferm fermentor (20) (New Brunswick Scientific Co., Edison, N.J.). Phage were inoculated to a multiplicity of infection of 1 to 4.
At the onset of mass bacterial lysis, MgCl2 and sodium citrate were added to final concentrations of 10 and 70 mM, respectively. Corynebacteriophages were purified by polyethylene glycol-sodium chloride phase exclusion and CsCl gradient centrifugation as previously described by Yamamoto et al. (29) . Determination Endonuclease restriction and agarose gel electrophoresis of DNA. Purified DNA was digested with restriction endonucleases BamHI, EcoRI, HindIII, KpnI, and XbaI (New England BioLabs, Beverly, Mass.) and ClaI (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) according to the manufacturer's specifications. After digestion, the DNA was heated to 65°C for 10 min and then transferred to an ice bath. Sample buffer was added, and the DNA was then electrophoresed on a 1.3% agarose vertical slab gel in TEA buffer (50 mM Tris-hydrochloride, 20 mM sodium acetate, 2 mM sodium EDTA, 18 mM NaCl, pH 8.0) (9) at 70 V for 5 h. Gels were stained with ethidum bromide (2.5 pLg/ml) for 15 min and photographed under shortwave UV illumination with a Polaroid MP4 camera through a 25A red filter onto Polaroid type 107 film.
Nick translation of phage DNA and isolation and 5'-end labeling of tox mRNA. Individual restriction fragments of DNA from preparative agarose gels were purified by electroelution as previously described (5, 16) . After phenol-chloroform extraction and ethanol precipitation, DNA fragments were resuspended in a minimal volume of distilled water. Purified fragments were nick translated, using 5'-32P-labeled nucleotide triphosphates (>400 Ci/mmol; New England Nuclear, Boston, Mass.) and DNA polymerase I (Boehringer Mannheim Biochemicals) (25) .
Diphtheria tox mRNA was extracted from membrane-bound polysomes of the PW8 strain of C. diphtheriae as previously described (27) . 32P-labeled tox mRNA hybridization probes were prepared by dephosphorylating the RNA with calf intestinal alkaline phosphatase (Boehringer Mannheim) and then 5'-end labeling with [32P]ATP (1,000 to 3,000 Ci/mmol; New England Nuclear) and T4 polynucleotide kinase (Boehringer Mannheim) (7) .
Nucleic acid hybridization. Hybridization of 32p_ labeled DNA to DNA immobilized on nitrocellulose paper (type B85; Schleicher & Schuell Co., Keene, N.H.) was performed essentially as described by Southern (28) . The 32P-labeled diphtheria tox mRNA probe was hybridized by the same method, except 1 x rather than 6x SSC (SSC = 0.15 M NaCl plus 0.015 M sodium citrate) and 5 x rather than 1 x Denhardt solution (6) were used. E. coli tRNA was used as a carrier at 200 ,ug/ml. After hybridization and extensive washing, nitrocellulose filters were autoradiographed on Kodak XR-1 film at -70°C for 3 to 96 h.
RESULTS
Since its isolation more than 80 years ago, the PW8 strain of C. diphtheriae has been widely used for the commercial production of diphtheria toxin for vaccine purposes and is known by a variety of substrain names (e.g., Weissensee, CN2000, Pasteur 474, Biken) (15) . A number of investigators have described corynebacteriophages obtained by different methods from various substrains of PW8 (3, 12, 13, 15 Table 2) .
By comparison of the endonuclease digestion patterns of w-DNA before and after treatment with DNA ligase, the cohesive ends (cos) were found internal to EcoRI-2 and external to EcoRI-7 and EcoRI-8. This location provided a point of orientation for the ordering of the remaining DNA fragments. Fragments were ordered as previously described for corynebacteriophages Piclox and wc10x (5, 16) . Figure 2 shows the complete restriction endonuclease map for corynebacteriophage wc + for BamHI, EcoRI, HindIII, and KpnI.
The physical location of the diphtheria tox operon was determined by using in vitro 32P-labeled tox mRNA to probe Southern blots of endonuclease-digested wc'X DNA (5) . As in the case of the tox operon in ,tX' (5) , the tox operon in w,tox was found to be contained within the 1.7-kb region of BamHI-3 and defined by the HindIII and EcoRI restriction endonuclease sites.
By restriction endonuclease digestion analysis, we have defined three regions of heterogeneity between the wcfox and Ic3ox genomes (Fig.  2) . The first is an insertion-deletion that occurs within the 3.3-kb wctox+ EcoRI-5 fragment. The homologous region on the pc'ox genome is the 1.6-kb EcoRI-10 fragment. The second region in WCtOx is a small insertion-deletion that is identified by the presence of the KpnI-1,2 restriction site and the absence of the comparable HindIll-4,7 site on PCbOX . Finally, there is an insertiondeletion on wc'ox BamHI-3. This insertion-deletion occurs in the region outside, but adjacent to, the diphtheria tox promoter locus (Boquet, personal communication).
Corynebacteriophage [3tox, like coliphage X, has been shown to integrate into the bacterial chromosome according to the Campbell model (4, 11) . If the integration of tox also follows the Campbell model in vivo, circularization of the ftOx would result in ligation of the cohesive a Restriction endonuclease fragment sizes were determined from a plot of log electrophoretic mobility versus kilobase size, using BamHI-, HindlIl-, and SmaI-digested coliphage A DNA as a standard. The average molecular size of P, DNA is 35.0 kb and that for wc DNA is 37.1 kb. Fragments present in wx DNA which do not appear in P, DNA under similar conditions are underlined.
DNA fragments appear as a doublet on agarose gel electrophoresis.
C DNA fragments which contain cos and could not be separated by agarose gel electrophoresis. To test this hypothesis, we plated wt on C.
diphtheriae (Belfanti) 1030(-)"X, picked 10 random turbid plaques, and separately colony purified the corresponding lysogens four times.
The independently isolated 1030(w"x +) clones were grown in C-Y medium, and their DNA was extracted, purified, and digested with BamHI. After electrophoresis, chromosomal fragments were transferred to nitrocellulose paper and probed with 32P-labeled purified BamHI-3 from WC"+. In 9 of the 10 lysogens, four hybridizing fragments were found (Fig. 3) (14) and morphologically similar (13, 14) . Given these similarities, it was of interest to compare the restriction endonuclease digestion patterns of these closely related toxigenic corynebacteriophage. We have shown that the wctx genome is slightly larger (ca. 2 kb) If the bacterial attB sites than that of BtoX and that the differences are acterial lysogens. ctox+ contained within three regions of the tox+ DNA were digested with genome.
P-l+abeled restriction frag-
It is of evolutionary interest to note that the OX phage DNA and PW8 genomic differences _between corynebacterioprobed with 32P-labeled phages_pOX and -yW are in similar regions of 3 of w,c'+. Lysogen DNA the yfOX genome (16) . Furthermore, those regions digested with restriction of corynebacteriophages wOX, P'+, and tox described (15, 25) .
which contain the cohesive ends, phage attachment site, and the diphtheria tox operon in wtox ;SION and pOX+ or tox gene sequences in ytOX are also found in common regions of their respective ic corynebacteriophage genomes (16) . Recently, DNA-DNA heterodurains of C. diphtheriae plex analysis between these closely related cor-:d under a variety of ynebacteriophages has confirmed the location of Pd, w) (2, 13, 15) . In the these genomic differences between wxtox and )pted the nomenclature c'ox as well as 'ycx (D. Leong, J. Michel, and d. (13) , which is consis-J. Murphy, manuscript in preparation). small Greek letter for
The ability of any given toxigenic strain of C. lated corynebacterio-diphtheriae to produce toxin is dependent upon n 1954, Barksdale and its ability to continue growth after iron becomes the UV induction of the rate-limiting substrate. In the case of the re PW8, which formed C7S(,tOX+) strain, growth is tightly coupled to its i of C. diphtheriae but cytochrome-mediated electron transport chain, in (3). This observation whereas in the PW8 strain this system is defeca different host range tive and terminal electron transfer is accoml5) subsequently dem-plished by the autooxidation of a flavoprotein cteriophages released (23) . Under optimal conditions toxin production )f C. diphtheriae PW8 by the C7s(pOX ) strain will be approximately 30 s on the nontoxigenic pLg/ml, whereas toxin production by C. diphtherins 9304 and 298G and iae PW8 will be approximately 450 ,ug/ml. Mitsuiae (Belfanti) 1030, but hashi et al. (18) have shown that toxin producof C. diphtheriae. The tion by the PW8 strain occurs in the final three between the phage bacterial divisions. Were the C. diphtheriae 8 and IbOX was noted PW8 strain to be monolysogenic and diphtheria 2) and subsequently by toxin to be produced at the same rate as in the C7S(P'°X+) strain, one would anticipate a final VOL. 45, 1983 on October 27, 2017 by guest http://jvi.asm.org/ Downloaded from yield of approximately 240 ,tg/ml, or 480 pug/ml by a double lysogen. We have shown, by Southern blot analysis, that .tox is most likely to be integrated into two nontandem bacterial attachment sites (attBl and attB2). There is close agreement between the actual yield of toxin produced by C. diphtheriae PW8 and the theoretical yield of a double lysogen in this host strain.
